Abstract Allograft safety is a great concern owing to the risk of disease transmission from nonsterile tissues. Radiation sterilization is not used routinely because of deleterious effects on the mechanical integrity and stability of allograft collagen. We previously reported several individual cross-linking or free radical scavenging treatments provided some radioprotective effects for tendons. We therefore asked whether a combination of treatments would provide an improved protective effect after radiation exposure regarding mechanical properties and enzyme resistance. To address this question we treated 90 rabbit Achilles tendons with a combination of cross-linking (1-ethyl-3-[3-dimethyl aminopropyl] carbodiimide [EDC]) and one of three scavenging regimens (mannitol, ascorbate, or riboflavin). Tendons then were exposed to one of three radiation conditions (gamma or electron beam irradiation at 50 kGy or unsterilized). Combination-treated tendons (10 per group) had increases in mechanical properties and higher resistance to collagenase digestion compared with EDC-only and untreated tendons. Irradiated tendons treated with EDC-mannitol, -ascorbate, and -riboflavin combinations had comparable strength to native tendon and had averages of 26%, 39%, and 37% greater, respectively, than those treated with EDC-only. Optimization of a crosslinking protocol and free radical scavenging cocktail is ongoing with the goal of ensuring sterile allografts through irradiation while maintaining their structure and mechanical properties.
Introduction
Allograft use in replacement and reconstruction procedures has become more common among orthopaedic surgeons [11, 24, 27] . Allografts can provide comparable mechanical and physiologic function relative to autograft tissues. An estimated 1.5 million bone and tissue allografts were implanted in 2006 [9] , and the amount of allograft donors increased from 6,000 in 1994 to 22,000 in 2005 [43] . Consequently, a major concern associated with increased use of allografts is the danger for disease transmission [11, 44] . Concerns exist regarding sensitivity of culture testing [19, 45] and screening against emerging pathogens [19, 41] . Also, allografts harvested from donors who become infected just before death pose a major obstacle to screening [17, 19] . Infection during this 'window period' could pass undetected through serologic testing, and unsafe allografts may be approved mistakenly for implantation [17, 23, 44] . Despite tissue bank harvesting and processing protocols, which greatly minimize possible bacterial and viral transfer, the threat of transmission has not been eliminated [2, 11, 41] . In 2002, the American Association of Tissue Banks (AATB) reported two bacterial infections among 900,000 distributed allografts [7] . These data provide only an estimation of infection risk given that 43% of all tissue banks are not members of the AATB and reporting infections to the AATB is voluntary [7] . The risk One or more of the authors (MGD) have received funding from a grant from the Musculoskeletal Transplant Foundation Peer Reviewed Scientific Grants Program (January-December 2005). Each author certifies that his or her institution has approved or waived approval for the animal protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research.
of implanting tissues from an HIV-infected donor, considering current safety protocols, was estimated to be one in one million [5, 15] . This accentuates the importance of standardizing tissue banking and sterilization procedures to further reduce infection risks.
To improve allograft safety, some tissue banks use secondary sterilization methods along with medical history and serologic evaluation [41, 44] . Sterilization is accomplished predominantly with ionizing radiation, specifically gamma and electron beam (ebeam) radiation derived from gamma rays and high-energy electrons, respectively. Unfortunately, these sources of energy cause damage to collagenous structures [4, 10, 17, 22, 28, 36] . The primary cause of damage is modification of collagen molecules by free radicals generated from irradiation of water and oxygen [4, 37] . Tissue banks that perform radiation sterilization commonly expose allografts to doses from 10 kGy to 35 kGy [41, 44] . These doses are insufficient to neutralize radiation-resistant bacteria and viruses such as HIV [17, 40] . The use of the higher doses of irradiation necessary for sterilization will correspond to more collagen damage. On a tissue level, these radiation effects would compromise mechanical performance and postimplantation stability, likely resulting in failure. As a result, terminal sterilization of allografts cannot be performed using appropriately high doses of irradiation.
Free radical scavenging reportedly provides partial radioprotection of bone and tendon allografts [1, 17] . We previously compared free radical scavenging and crosslinking as radioprotective methods [39] . Cross-linking was aimed at increasing collagen cross-link density to compensate for radiation-induced damage. Scavengers included ascorbate, mannitol, and riboflavin; cross-linkers included 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and glucose [39] . Cross-linkers showed protective effects with respect to mechanical stability and resistance to collagenase degradation up to 50 kGy, and free radical scavengers provided similar benefits up to 25 kGy [39] . At 50 kGy, EDC treatment showed the most protection of these parameters but was unsuccessful in maintaining the properties of native tendon [39] . Consequently, efforts to improve radioprotective techniques are continuing.
We therefore hypothesized (1) protection against ionizing radiation damage, specifically regarding mechanical properties and enzyme resistance, would occur by treating allografts with a combined cross-linking and scavenging method; and (2) this dual radioprotective treatment would be superior to previously investigated single treatments.
Materials and Methods
We explored means of improving radioprotective treatments of allografts by combining previously reported [39] EDC cross-linking and free radical scavenging methods. Specifically, this involved initial cross-linking with EDC followed by soaking in mannitol, ascorbate, or riboflavin solution. This method intended to (1) bolster graft properties before irradiation through EDC precross-linking while (2) providing protective benefits of scavenging during irradiation. We evaluated mechanical properties and collagenase resistance of 90 rabbit Achilles tendons treated with combined radioprotection methods and exposure to radiation. There were three dual radioprotection treatments (EDC with mannitol, ascorbate, or riboflavin) and three radiation conditions (0 kGy, gamma, or ebeam radiation at 50 kGy) with 10 tendons per group of each of the nine combinations. Eight tendons were used for mechanical testing and the remaining two were reserved for enzyme resistance testing.
We harvested Achilles tendons from mature (5-8 months) New Zealand White rabbits; these were selected for their large size and availability. Tendons were obtained from frozen hindlimbs purchased from Pel-Freeze Bio (Rogers, AR). Achilles tendons are used commonly as allografts for ligament replacement in humans [41, 44] . We dissected the tendons from the hindlimbs, then wrapped each in phosphate buffer solution (PBS)-soaked gauze, and stored them in a À20°C freezer. Tendons were separated arbitrarily into experimental groups.
Dual radioprotection treatment first involved crosslinking in a solution made from EDC (Sigma-Aldrich, St Louis, MO) and N-hydroxyl succinimide (Sigma-Aldrich). EDC cross-linking was selected as a protection method for its ability to introduce cross-links in collagen [31, 32] . This cross-linking protocol was developed for collagen scaffolds [6] . We placed 30 tendons in 225 mL of 10 mmol/L EDC and 5 mmol/L N-hydroxyl succinimide solution in deionized water for 24 hours with agitation. On removal from EDC solution, they were washed three times with deionized water at 10-minute intervals. This was followed by soaking in 100 mmol/L Na 2 HPO 4 (Sigma-Aldrich) solution in deionized water for 2 hours. The last step involved washing in deionized water for 24 hours. This was the same procedure used for EDC cross-linking only (single treatment).
After cross-linking, tendons were soaked in free radical scavenger solution for 36 hours at 2°C. Three different free radical scavengers were investigated including D-mannitol (M), ascorbate (AS), and riboflavin (RB) (all from Sigma-Aldrich). The dual-treated groups were designated as EDCM, EDCAS, and EDCRB, respectively. Tendons in each group were soaked in free radical scavenger solutions, each of which was made at 100 mmol/L with PBS at a pH of 7.4. We selected these concentrations from previous single-treatment pilot studies [39] . Tendons were packaged in pairs in 15-mL polystyrene tubes filled with respective free radical scavenger solutions.
Radiation was performed using gamma and ebeam radiation, which allowed for comparison of the two most common forms of sterilization. Gamma irradiation was applied using a Co 60 source at an average received dose of 50 kGy by Sterigenics Inc (Rockaway, NJ). Ebeam irradiation was performed using a 5-MeV electron accelerator by Ebeam Services Inc (Cranbury, NJ) at the same dose. A dose of 50 kGy was chosen as a more effective sterilization dose and closer to terminal sterilization ranges [7, 8, 40] . All treated tendons were irradiated in free radical scavenger solutions at room temperature (22-25°C) and shipped back to us in polystyrene tubes. Tendons not subjected to irradiation also were in solution for the same amount of time for shipping and processing. After tendons were shipped back to the laboratory, the solution in the tubes was removed, and the tendons were wrapped in PBSsoaked gauze and returned to À20°C.
We performed tensile testing using a mechanical tester (Model 4204; Instron, Canton, MA) to compare irradiation effects on mechanical properties for different treatment methods. Before testing, tendons were thawed in PBS and allowed to soak for 30 minutes. Dimensional measurements were taken using a laser micrometer (Z-Mike 1202 series, Dayton, OH). Two width and thickness measurements were taken for each tendon assuming a rectangular cross-sectional area.
Tendons then were mounted on cryogenic freeze clamps (Enduratec, Eden Prairie, MN) at 1 cm of tendon ends and were allowed to freeze until 1 mm was visibly frozen outside the clamps. Gauge length (3 cm) was measured as the distance between frozen ends with an aspect ratio of 10:1. PBS was applied regularly to maintain hydration. Tendons then were preconditioned in tension at approximately 1.5 to 3.5 N for five cycles. Tendons then were pulled in tension at a speed of 100 mm/minute to failure. Test data were collected using a Smart Motherboard data collector (Microstrain Inc, Williston, VT). Strength, elastic modulus, failure strain, and toughness were calculated using a custom-written MATLAB 1 program (The Mathworks, Norwood, MA). Elastic modulus calculations were performed on the linear regions of the stress verses strain curve. Parameters were represented as mean ± standard deviation.
We performed collagenase resistance testing to determine the state of collagen nativity and cross-link density in response to irradiation and treatments. Bacterial collagenase derived from Clostridium histolyticum, which cleaves the bond between the ''X'' and glycine amino acids in backbone -X-glycine-proline-Y-sequences [46] , was used for this experiment. We then lyophilized the tendons and cut 3.5-mg segments. These segments were placed in test tubes and immersed in 10 mL collagenase solution (400 units/mL). This solution was made using 1 mol/L Tris buffer and clostridiopeptidase A (Sigma-Aldrich). Collagenase resistance testing was performed in triplicate for each group with collagen sponges included as positive controls. Test tubes were placed in a 37°C water bath and evaluated hourly for the first 24 hours and then every 6 hours for the final 24 hours. Average dissolution time was recorded and represented as mean ± standard deviation.
We used Student-Neuman-Keuls two-factor analysis of variance to identify differences in the mechanical properties (strength, elastic modulus, failure strain, and toughness) and the state of collagen nativity and cross-link density among four treated groups and the untreated group. The two factors were irradiation (gamma, ebeam, or unirradiated) and treatment (three dual treatments, single treatment, or untreated). Statistical analysis of dual-treated groups also included comparison to previous EDC single treatment and untreated data [39] . We used SigmaStat 1 (Systat Software Inc, San Jose, CA) to perform all analyses.
Results
We observed radioprotection of mechanical properties for tendons treated with a combination of free radical scavenging and cross-linking with EDC. At 0 kGy, none of the combined treatments influenced strength, elastic modulus, and strain (Figs. 1-3) . The only notable effect was a decrease in toughness, which also was observed with EDConly (single treatment) (Fig. 4) . After 50 kGy gamma or ebeam irradiation, protective effects of combined treatments were most evident for strength, elastic modulus, and collagenase resistance. Strength values were higher for dual-treated tendons compared with untreated and, for several conditions, approached values close to native tendon (Fig. 1) . Elastic modulus values also were greater than for untreated tendons for the majority of the groups (Fig. 2) . Dual-treated groups had greater toughness than untreated, but not to the same degree as strength and modulus values. There was little change between irradiated and nonirradiated conditions (Fig. 4) . Differences among strain values were the least distinguishable (Fig. 3) . Changes in collagenase resistance were most evident for conditions involving cross-linking. At 50 kGy, dual-treated tendons displayed some degradation during the 48-hour study, although at the conclusion, these tendons were still intact. There were no major differences in mechanical properties or collagenase resistance among dual treatments (Fig. 5) .
When comparing dual-treated with EDC-only (single treatment) -treated tendons at 50 kGy, tendons treated with dual radioprotection had greater strength and elastic modulus; and toughness and strain values were consistent.
Strength of EDCM-, EDCAS-, and EDCRB-treated tendons were an average 26%, 39%, and 37% greater, respectively, compared with those treated with EDC-only. Similarly, for elastic modulus, these groups were 64%, 89%, and 93% greater, respectively, than EDC-only-treated tendons. These trends of enhanced radioprotection observed with mechanical properties also were reflected in collagenase resistance. Specifically, collagenase resistance of tendons treated only with EDC cross-linking was surpassed by all dual-treated groups. Previously, tendons treated with EDC-only were dissolved completely after 14 and 22 hours for gamma and ebeam irradiation at 50 kGy, respectively (Fig. 5) . These dual-treated tendons were considerably more resistant to degradation compared with EDC and with untreated tendons (Fig. 5 ).
Discussion
Currently, there is concern among surgeons, tissue banks, and regulatory agencies regarding assurance that implanted allografts are disease-free [24, 27, 42, 44] . Complete sterilization of infective tissues is difficult, and a multitude of techniques have been proposed to achieve this goal [42, 43] . Effective sterilization must be successful against a wide variety of pathogens, exhibit high penetrability through tissue structure, and preserve native properties and functionality [1] . Ionizing irradiation is capable of meeting the first two requirements [4, 12, 34, 35] , but at the high doses required to inactivate resistant pathogens, tissue mechanical properties are known to deteriorate [1, 17, 36] . We hypothesized that a combined cross-linking and free radical scavenging treatment would produce an improved protective effect beyond single treatments previously examined [39] . Protection of tissues against adverse radiation effects would allow regular use of ionizing irradiation for allograft sterilization. There were experimental limitations associated with this study and several that are potential sources of variability, which could be complicated further by comparison to controls from our previous study [39] . First, as a precursor to implantation studies, rabbit tissues were tested. Although we ordered only skeletally mature rabbits (validation was not performed in this study), animal-to-animal differences were a possibility. Second, as an animal model, these results provide an estimation of treatment effects on Achilles tendons in humans. Therefore, further optimization of radioprotective processing regarding diffusion and mechanical properties is needed for human tissue owing to anatomic differences. Third, sterilization at radiation facilities was performed at different times. Both radiation facilities maintain strict regulations to reduce variability between sterilizations and are tested frequently for reproducible results. Fourth, resistance to proteolytic degradation has been used as a method to indirectly measure cross-linking and denaturation of collagen-based materials [29, 30, 46] . We used this established method to detect similar outcomes in collagenous tissues. Although it is clear that collagenase resistance data were not as sensitive as the mechanical data for observing differences between treatment groups, there were major differences between cross-linked and noncross-linked groups after irradiation. Exposure to collagenase also provides a rudimentary simulation of the postimplantation environment. Despite this, in vivo studies must be conducted for accurate determination of the stability of irradiated allografts. Fifth, it is unknown if these treatments have long-term effects on resorption and remodeling of allografts. Sixth, it was reported that assuming rectangular cross-sectional area has limited accuracy [16, 21, 47] . Image reconstruction using triangular segments in polar coordinates apparently measures standard geometric shapes to 2% accuracy or less, measuring in 1°-increments [21] . Measurement of porcine anterior cruciate ligament cross-sectional areas required 15 minutes using this method [21] , which is not feasible for large-quantity testing. Accuracy relative to true mechanical values is lost by assuming a rectangular shape; however, precision regarding differences between radioprotective effects still is preserved. Addressing these concerns is essential for the ongoing development of radioprotective methods.
There are several precautions associated with crosslinking and free radical scavenging that also must be recognized. Although EDC is an effective cross-linker of collagenous tissues, two constraints associated with crosslinking are excessive surface cross-linking and limitation of cross-linking sites [3] . Higher concentrations of EDC may not correspond to greater bulk cross-linking if surface cross-linking dominates. In this case, surface resistance to enzyme interaction may have increased, but with limited enhancement of bulk strength. Also, the extracellular matrix of tendon possesses a higher organized structure and does not have the number of available cross-linking sites compared with milled or partially solubilized collagen. The current EDC cross-linking procedure originally was optimized for collagen constructs made from milled dermal collagen [6] . Additional alteration of the EDC cross-linking procedure is needed. We observed a decrease in the preirradiation toughness and a slight increase in elastic modulus possibly resulting from cross-linking. This may have been the result of tendons becoming more brittle, but the trend was not observed after irradiation. The primary objective of radioprotective treatments is to halt immediate irradiation damage to tissue properties. Regarding free radical scavengers, it has been acknowledged that their use potentially could impede sterilization by protecting pathogens and extracellular matrix molecules [1] . Sterility assurance testing is required to determine appropriate radiation doses required for sufficient sterilization in the presence and absence of the scavengers.
Gamma irradiation reduces mechanical properties of tissues at radiation doses ranging from 25 kGy to 80 kGy on bone-patellar-bone, bone and tendon allografts [1, 13, 14, 17, 36, 38] . After 50 kGy of radiation, reductions in strength, elastic modulus, and toughness were observed for rabbit tendon allografts [39] . More specifically, parameters dependent on break load were most affected and strain least affected [39] . Salehpour et al. [36] reported a corresponding relationship between reduction of hydropyridinium cross-links and break load and strength with increased radiation dose. Evidence of radioprotection was characterized by limitation of radiation effects on mechanical properties and collagenase resistance. Resultant protective effects are likely to be attributed to the introduction of cross-links in collagen, which compensate for the reduction in cross-link density caused by irradiation. In addition, free radical scavengers acted to sequester free radicals generated from the irradiation of oxygen and water.
Free radical scavenging has been studied for radioprotection of biologic materials [20, 25, 26] . Akkus et al. [1] showed free radical scavengers can be partially successful in counteracting radiation effects in bone allografts. Our previous comparison of scavengers and cross-linkers showed radioprotective effects over a range of radiation doses [39] . These studies were unable to maintain native graft properties after exposure at 36 kGy for the bone allografts [1] and 50 kGy for tendon allografts [39] . Others have reported more successful radioprotection after combining radioprotective treatments [17, 18] . A patented procedure known as the Clearant Process 1 (Clearant, Inc, Los Angeles, CA) reportedly provides full protection of musculoskeletal tissue using a scavenger cocktail and tightly regulated processing conditions, although it has not gained widespread acceptance [17, 18] , Also, Konopacka et al. [20] and Packer et al. [33] suggested vitamin combinations could act synergistically by regenerating molecular conformations capable of scavenging through free radical exchange. Our data suggest the combination of cross-linking and free radical scavengers has further improved protection against irradiation beyond that seen with single treatments [39] . Comparison of mechanical properties between EDC-only treated and dual-treated tendons is suggestive of an additive protective effect. Additive radioprotection also was supported by resistance to collagenase. Tendons treated with dual radioprotection were more resistant to collagenase than the untreated and the EDC-only-treated group. After 50 kGy of gamma or ebeam irradiation, dual-treatment groups showed strength, modulus, and strain greater than or comparable to native (untreated, unirradiated) tendon.
Mechanical data suggest EDC cross-linking limits the majority of irradiation damage. We observed no differences among combined treatments composed of different free radical scavengers. Previous comparison of free radical scavengers and cross-linkers showed EDC provided the most protection of graft properties [39] . Alternatively, collagenase data indicate a great radioprotective contribution is made by free radical scavengers compared with mechanical data. Regardless, it is clear single treatment is insufficient, and supplemental protection is required for full protection of native properties. Simply increasing the concentration of EDC is not a possible option as mentioned previously.
Tissue banks have greatly reduced the potential for disease transmission through current safety protocols [44] . Secondary sterilization procedures using ionizing radiation could further ensure allograft safety. Gamma and ebeam irradiation are effective at sterilization with sufficient penetration through soft tissues. The main drawback of ionizing irradiation has been its detrimental effect on mechanical properties. Our data suggest a combined crosslinking and free radical scavenging procedure provides added protection to initial mechanical integrity and resistance to enzyme digestion at 50 kGy. Because concerns still remain, more studies are needed to optimize the crosslinking protocol and free radical scavenging cocktail. The focus then will move to validation, bioburden testing, and implantation models to determine safety and efficacy of radioprotected sterilized allografts.
